Energy-time entanglement preservation in plasmon-assisted light transmission 
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We report on experimental evidences of the preservation of the energy-time entanglement for 
extraordinary plasmonic light transmission through sub-wavelength metallic hole arrays, and for 
long range surface plasmon polaritons. Plasmons are shown to coherently exist at two different 
times separated by much more than the plasmons lifetime. This kind of entanglement involving 
light and matter is expected to be useful for future processing and storing of quantum information. 



Entanglement is one of the most fundamental aspect 
of the quantum theory. While it is somewhat counter- 
intuitive and has no classical counterparts, it can be used 
to achieve information and communication tasks with 
much higher efficiencies than otherwise possible classi- 
cally, and is thus the heart of the quantum informa- 
tion. A particular form of entanglement, the energy-time 
entanglement involving photons at telecom wavelength 
is particularly efficient in carrying quantum information 
over large distances as it has been shown to be specially 
robust against environmental perturbation 0. This al- 
ready leads to applications like quantum cryptography 
or quantum teleportation 0. However, entanglement 
involving distant solid matter is a mandatory but difficult 
step for useful quantum information processingand stor- 
ing, and researches are held in that direction |j, 0, 0, • 
Interaction between energy-time entangled photons at 
telecom wavelength and quantum states of matter is thus 
of great interest, both from a fundamental point of view 
and for its potential future applications. 

We investigate the coupling of energy-time entangled 
photon pairs with surface plasmons (SPs) , which are col- 
lective excitation wave involving typically 10 10 free elec- 
trons propagating at the surface of conducting matter 
(usually metal) y|. To this end, we placed gold films 
perforated with periodic subwavelength hole array in the 
path of energy-time entangled photons. Since the holes 
are subwavelength, this kind of nanostructures impedes 
the direct photon transmission, but allows the resonant 
excitation of a SP at the metal interfaces, which reradi- 
ates a photon at the back side of the metallic film. The 
transmittance of this plasmon-mediated phenomenon is 
orders of magnitude larger than predicted by the stan- 
dard theory of diffraction by small metallic apertures . 
This phenomenon, called extraordinary optical transmis- 
sion [lfj, IllL \YA 1 1 3| is known to preserve polarization en- 
tanglement under certain geometric conditions |l4l llfij . 

In this letter we present evidence that energy-time 
entanglement also survives this photon-plasmon-photon 
conversion with photons at telecom wavelength. To this 



end we measure the strength of non-local quantum cor- 
relations involving photons from entangledpairs, using a 
Franson-type interferometric experiment |lfij |. We mea- 
sured it in the case that both photons go directly to the 
interferometers, and in the case that one member of the 
entangled pair undergoes a plasmon conversion before 
reaching its interferometer. The strength of the quan- 
tum correlation is quantified by means of the visibility 
of interferences fringes, recorded in both cases. We show 
that no visibility reduction is observed and thus that en- 
tanglement in preserved. 

The experimental setup is made of a photon pairs 
source, two U-benches allowing the two different perfo- 
rated gold film samples to be inserted and removed in the 
paths of the photons, and two interferometers (see figure 
nj. The photon pairs are created inside a KNbC>3 non- 
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FIG. 1: Schematic of the experimental setup. NL: non-linear 
crystal; DM: dichroic mirror; PC: polarization controller; a: 
lattice periodicity, d: hole diameters (see text). 

linear crystal pumped with a 532 nm NdYaG continuous 
laser (coherence length > 1 km) in a type I spontaneous 
parametric down conversion (SPDC) configuration. One 
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member of the pair has its central wavelength around 
810 nm with a spectral width of about 2nm while the 
other is centered around 1550 nm with a spectral width 
of 7 nm. These values correspond to coherence times of 
1.1 ps and coherence lengths of 0.34 mm. Adjusting the 
phase matching by tilting the crystal, it is possible to 
tune slightly these central wavelength. The SPDC gen- 
erated photons are collected into two single mode fibers 
by mean of a dichroic mirror and two coupling lenses 
and sent to the U-benches. As this source produces pho- 
tons at two well separated wavelengths, the properties 
of two different gold subwavelength nanostructures are 
investigated successively. One is designed to match the 
810 nm photons the other the 1550 nm photons. The pho- 
tons that undergo the plasmonic conversion are either the 
810 nm one or the 1550 nm ones. 

The U-benches are made of two lenses. The first fo- 
cuses the light at the output of the first single mode fiber 
into a beam with a 50 /jm beam diameter situated a few 
centimeters away from the lens. The second lens couples 
back this beam inside another single mode fiber that is 
finally connected to an interferometer. Perforated gold 
film samples can be hold at the beam waist position per- 
pendicularly to the beam optical axis, by an orientable 
mount. Without samples, the U-benches feature about 
3 dB insertion losses, without measurable spectral or po- 
larization dependency. When a sample is inserted into 
the photon beam, no corrections are made to the lense's 
alignement. The light that is collected back into the fiber 
is therefore the light which is re-emitted in the same spa- 
tial mode than in the case where no sample is inside the 
beam. Control of the incident polarization state is made 
using the fiber polarization controller in front of the U- 
benches. However, as expected in this particular square 
hole array configuration for which one can assume that 
photons arrive perpendicularly to the sample (less than 
1 degree of angular spreading), the polarization depen- 
dency of the transmittance T\ at the operating wave- 
length A was observed to be less than 2dB. The other 
polarization controllers are used to control the polariza- 
tion at the input of both interferometers and inside the 
fiber interferometer in order to maximize the optical vis- 
ibility. 

The output of the U-benches are connected to un- 
balanced Mach-Zender interferometers, with 1 m optical 
path length difference between the two arms (this cor- 
respond to a time difference of 3.3 ns). The one that is 
designed for the 810 nm photons is made out of bulk op- 
tics, while the other is made out of fibers. Both interfer- 
ometers are passively stabilized by means of temperature 
regulation. 810 nm photons are detected at one output of 
the bulk interferometer using an actively quenched silicon 
APD photon counter (EG&G). The 1550 nm photons are 
detected at one output of the fiber interferometer using 
one InGaAs APD photon counter (idQuantique) , gated 
with the signal of the silicon counter. The width of the 



gate applied on the the InGaAs APS is about 2.5 ns. The 
dark counts of this detector is about 3.5 x 10~ 5 counts 
per gate. The dark counts of the Si APD is negligible. 
More details about this source and the interferometers 
can be found in 0, . 

Photons independently travel through the long arm 
and short arms of their respective interferometers, and 
the time differences between the detections of both pho- 
tons are measured using a time to analog converter 
(TAC). Photons have a 50% probability of both choosing 
the long arms or both the short arms of their respective 
interferometers. In both these cases, the time difference 
between the two detections is about zero. Since the co- 
herence of the pump laser is much larger than the inter- 
ferometers's imbalance, it is impossible to know which 
paths they have chosen. These events are thus undis- 
tinguishable. This leads to quantum interferences that 
correlate the chosen output port for both photons. The- 
ses quantum correlations are functions of the sum of the 
phases applied inside the interferometers and reflect the 
energy-time entanglement of the photon pairs. By us- 
ing a time window discriminator it is possible to isolate 
these interfering events from the non-interfering ones (i.e. 
photons choosing different arms) as the latter happen at 
different times. In this experiment the sum of the phases 
is adjusted by tuning the length of the long arm of the 
bulk interferometer using a piezo-electric actuator. The 
visibility of the interference fringes is a direct indication 
of the strength of the quantum correlation due to the 
energy-time entanglement, and thus can be used to ver- 
ify that the energy-time entanglement is not destroyed 
by the photon-plasmon-photon conversion. 

The two different perforated film samples were fab- 
ricated in 200nm-thick evaporated gold films on 0.9 mm 
glass substrates. The gold was coated with a 200nm-thick 
PMGI (polydimethyl glutarimide) electron-beam sensi- 
tive resist layer which was patterned using electron-beam 
lithography. Following exposure of the hole arrays, the 
resist was developed in tetraethylammonium hydroxide 
for lmin. at 22°C and rinsed with de-ionized water. The 
structures were then transferred into the Au layer using 
Ar-sputtering for 14 min. with 200W power. Finally, the 
PMGI residuals were removed using oxygen ashing. The 
arrays size is about 200 x 200 /im 2 . The holes are circular 
and disposed following a regular square pattern. As the 
light beam area is only about 5% of the array area, the 
array can be considered as infinite, the boundary effects 
are thus negligible. 

In our samples, the extraordinary optical transmission 
is mediated by SP mode lying at the metal-substrate in- 
terface and propagating along the square array diago- 
nals. In order to determine the optimal periodicity a 
and hole diameter d for maximal transmittance enhance- 
ment (i.e. for optimal coupling of the SPs to the pho- 
ton pair's members at the corresponding wavelengths) 
various simulations were performed employing a modal 
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expansion method in connection with surface impedance 
boundary conditions on the metal interfaces, and perfect 
metal boundary conditions in the hole walls ^5| . Several 
hole arrays were fabricated, with slight changes around 
theoretical values and for a range of fabrication parame- 
ters. They were characterized for transmittance spectra, 
using classical light spectrometry. Results exhibit the 
typical shape of SPs extraordinary light transmission, 
featuring resonances due to SPs excitations (see figure 
EJ). Only the spectra of the samples designed for the 
1550 nm experiment are shown. To the best of our knowl- 
edge this transmittance spectrum for extraordinary light 
transmission around 1550 nm is the first reported so far. 
Spectra for the samples designed for the 810 nm have sim- 
ilar shapes. Verifications were made to confirm that the 
re-emitted light originates from photon-plasmon-photon 
conversions. First, the resonance position scales linearly 
with the array period whereas the peaks height and width 
depend on the hole diameter. Second, the SP band struc- 
ture was recovered by changing the polarization and in- 
cident angle of the impinging photons. Results were very 
similar to the one usually found in literature on the sub- 
ject [ToL HH fl2L Il4| . From these measurements, the most 
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FIG. 2: Transmittance spectra of one of the hole array de- 
signed for transmission at 1550 nm. This shows the depen- 
dencies of the peaks width with the hole diameters. Peaks' 
heights are normalized by factors shown in the legend. The 
small fast oscillations correspond to Fabry-Perrot effects at 
the glass substrate interfaces. 



used. Interferences fringes are recorded without samples 
inside the U-benches. The chosen sample is then inserted 
inside the U-bench, and its position is adjusted using red 
laser light. Interference fringes are then recorded again, 
and the ratio of the maximal count rate in both cases 
is verified to be compatible with the transmittance val- 
ues previously measured with classical light (see table QJ. 
The resulting interferences fringes are shown on figure 0] 
Using the same Franson-type experimental setup, we 
performed another kind of measurement. The gold hole 
array at 1550 nm is replaced by a long range surface 
plasmon polariton (LR-SPP) waveguide, provided by Mi- 
cro Managed Photons A/S. This waveguide consists of a 
0.5cm long gold stripe), sandwiched between two layers 
of benzocyclobutene (BCB), a dielectric of refraction in- 
dex n — 1.535, and deposited upon a silicon waffer. Note 
that the plasmon waveguide's length is much longer than 
the single photon coherence length, hence during a cer- 
tain time the photons are entirely converted into plas- 
mons. The gold stripe is 8 /im wide and about 20 nm 
thick. Standard single mode fibers are approached as 
close as possible from the ends of a thin gold strip layer. 
The polarization mode is set to be linear and perpendic- 
ular to the surface sample by mean of a fiber polarization 
controller. SPP propagate along the gold stripe and re- 
emit light which is collected by another single mode fiber 
(see figure EJ. This U-bench is connected in place of 
the 1550 nm bulk U-bench of figure ^ an d interference 
fringes are recorded (see figure 0}. More details about 
this gold stripe device and this particular plasmonic ex- 
citation procedure can be found in reference [l9j and ref- 
erences therein. 
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FIG. 3: Schematic of the fiber U-bench used to excite LR-SPP 
propagation through gold stripe waveguide. 



suited arrays with respect to our experimental limitations 
were chosen for the entanglement experiment, one for 
the 810 nm and one for the 1550 nm photons. The exact 
operating wavelengths A were chosen accordingly. En- 
tanglement measurements for the two wavelengths were 
made separately. First, the source was tuned to produce 
photons at 820 nm and 1515 nm and a hole array with 
a=700nm and d=300nm was used. Secondly, the source 
was tuned to produce photons at 810 nm and 1550 nm 
and a hole array with a=1400nm and d=600nm was 



The net visibilities of the interferences fringes are cal- 
culated by substracting the noise level and fitting the 
data to a sinusoidal dependency. The noise level is the 
contribution of the InGaAs APD dark counts together 
with the double pair emission rate of the SPDC source. 
The table^show the obtained values (visbilitics arc dark- 
count substracted net values). From these results, one 
can see that the strength of the quantum correlations and 
thus the entanglement is clearly preserved by the photon- 
plasmon-photon conversion, at the two working wave- 
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FIG. 4: Interference fringes with gold film samples and LR-SPP waveguide in the path of the photons. The dashed horizontal 
line is the noise level. The displayed visibilities are net value. 



TABLE I: Experimental results 



Experiment 


Reference visibility 


Plasmon-assisted visibility 


Transmittance 


extraordinary transmission at 810 nm 


93 ± 3% 


93 ± 3% 


11% 


extraordinary transmission at 1550 nm 


97 ± 3% 


96 ± 5% 


6% 


LR-SPP transmission at 1550 nm 


93.1 ±0.1% 


93.2 ± 0.1% 


20% 



lengths. No relevant two-photons interference visibility 
reductions occur when a sample is inserted in the path 
of a photon beam. The only effect is the reduction of the 
coincidence count rate due to the partial transmittances 
resulting from extraordinary light transmission. Energy- 
time entanglement is thus proven to survives plasmon 
conversions at telecom wavelengths. The preservation of 
this kind of entanglement implies that SPs are coherently 
created by photons being in a superposition of two dif- 
ferent incoming times, separated by several nanoseconds, 
while the SPs lifetime in our experiment should be much 
less than picoseconds (the time for light to travel through 
the sample thickness). Therefore the only SP quantum 
state compatible with the above results is a superposition 
of a single SP existing at two different moment in time 
separated one from the other by a duration thousand 
times longer than the its own lifetime. At a macroscopic 
level this would lead to a " Schrodinger cat" living at two 
epochs that differ by much more than a cat's lifetime. 
The plasmons of the present experiment involve a meso- 
scopique number of electrons of about 10 10 . It should 
however be stressed that these do carry collectively only 
a single degree of freedom, i.e. a single qubit. 

Apart from these fundamental considerations, our re- 
sults show that energy-time entanglement can be effi- 
ciently coupled to SPs. As this kind of entanglement is 
robust for long distance quantum information transmis- 
sion, future quantum SPs circuits could be integrated 
with long range optical quantum communication net- 
works. 

Micro Managed Photons (MMP) A/S (Denmark) is 
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